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The fundamental task of maintaining energy balance is complex when nutrient levels are plentiful, but it
becomes even more challenging when nutrients are dynamic or scarce. A recent Nature report delineates
a role of the AMP kinase pathway in rationing energy stores for the long-term survival of Caenorhabditis
elegans dauers (Narbonne and Roy, 2009).Organisms have developed a variety of
ways to adapt to changes in nutrient avail-
ability. One way to prepare for starvation
is to build up fat stores when nutrient
resources are available. Appropriate
management of these energy reservoirs
is critical for survival. Like mammals,
the nematode Caenorhabditis elegans
obtains fat from its diet as well as through
de novo fatty acid synthesis. In response
to starvation, C. elegans larvae also have
the ability to alter their development and
form dauers, which are stress-resistant,
long-lived worms. Dauer worms survive
for months without feeding and thus
represent a highly successful case of
energy management. Path-
ways important for dauer
entry include the well-charac-
terized daf-2 insulin-like
signaling and the daf-7 TGF-
b pathways (Kimura et al.,
1997; Ren et al., 1996). It is
generally assumed that there
is significant overlap between
dauer survival mechanisms
and those that determine life
span of adult animals. While
dauer entry has been studied
extensively, little is known
about the mechanisms that
allow for extended dauer
survival. A recent report by
Narbonne and Roy published
in Nature describes one
mechanism through which
AMP-activated protein kinase
(AMPK) serves to ration
energy stores during dauer.
In organisms ranging from
yeast to humans, the AMPK
complex senses the amount
of available energy and
controls whether energy is
utilized or stored. AMPK is a
heterotrimeric complex comprised of a
catalytic subunit (a) and two regulatory
subunits (b and g). In mammals and
C. elegans, AMPK is regulated allosteri-
cally by AMP and by phosphorylation via
the tumor suppressor kinase LKB1 (Nar-
bonne and Roy, 2006; Apfeld et al., 2004;
Hawley et al., 1996). In addition to meta-
bolic stresses that inhibit ATP production
and cellular activities that stimulate ATP
consumption, AMPK is regulated by a
variety of signaling mechanisms that
coordinate organismal energy balance
(Hardie, 2007 and references therein). In
turn, through phosphorylation, AMPK
modulates activities of numerous meta-
bolic enzymes, signaling molecules, and
transcription factors to orchestrate energy
homeostasis. Finally, AMPK mediates the
effects of the antidiabetes drugs of the
biguanide and thiazolidinedione classes,
making this energy sensor a significant
therapeutic target (Hardie, 2007 and
references therein).
Narbonne and Roy previously demon-
strated that the ubiquitously expressed
C. elegans AMP-activated kinase a2 sub-
unit, aak-2, is not important for dauer entry
but is required for long-termdauer survival
(Narbonne and Roy, 2006). They noted
that aak-2-deficient dauers fail to properly
arrest their germ-line stem cells, yet this
failure did not account for the
rapid demise of the mutant
animals. In the Nature study,
the same investigators
provide evidence that aak-2
expression in the skin-like
hypodermis and the kidney-
like excretory cell is sufficient
to restore, albeit partially,
extended survival to aak-2
dauers. Since the hypodermis
is amajor site ofC. elegans fat
storage, the authors investi-
gate fat content of aak-2-defi-
cient animals. They find that
these animals enter into dauer
with appropriate fat reservoirs
that are then quickly depleted
due to increased activity of
the lipase, ATGL-1, the ortho-
log of mammalian adipose
triglyceride lipase (Figure 1).
They demonstrate that
ATGL-1 is an AMPK target
and that inactivating atgl-1
rescues the reduced life
span of aak-2 dauers. More-
over, the authors show that
aak-2 animals have normal
Figure 1. AMPK Inhibits ATGL-Mediated Triglyceride Hydrolysis to
Prolong Dauer Survival
AMPK is activated in part by phosphorylation via its upstream kinase, LKB1.
Narbonne and Roy propose that AMPK phosphorylates ATGL to inhibit its
activity. Phosphorylation blocks ATGL from hydrolyzing triglycerides in the
hypodermis in order to conserve fat for long-term dauer survival. Prolonged
survival during dauer requires aak-2 expression in the hypodermis and excre-
tory cell. Worm schematic depicts the skin-like hypodermis (shown in black),
the kidney-likeexcretorycell (shown inpurple), and the intestine (shown ingray).
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but accumulate fluid and become osmo-
sensitive, resulting in rapid loss of dauer
viability (Narbonne and Roy, 2009). Thus,
the authors suggest that AMPK downre-
gulates ATGL-1 activity to limit fat utiliza-
tion indauers, and the rapid lossof viability
of aak-2-deficient animals is a conse-
quence of rapid fat loss and subsequent
failure in osmoregulation. However, the
mechanistic relationship of rapid fat
hydrolysis and osmoregulatory roles of
AMPK remains unresolved.
While the roles of AMPK in orchestrating
energy balance and ATGL-1 in triglyceride
hydrolysis are hardly surprising, the study
challenges the general view that AMPK
activation promotes fat mobilization. For
instance, conditions that result in incre-
ased AMP/ATP ratios and drugs such as
the type2diabetesdrugmetformin (Gluco-
phage) lead to AMPK activation, which
causes depletion of fat stores through
increased b oxidation (Hardie, 2007 and
references therein). The apparent paradox
of the findings reported by Narbonne and
Roy raises the need for understanding
how AMPK can promote fat reduction in
one set of conditions and prevent fatmobi-
lization in other circumstances.
These studies establish a foundation to
further explore the role of AMPK in deter-
mining adult life span. For instance, since
the extended life span of insulin signaling-
deficient daf-2 animals is dependent on
aak-2 (Apfeld et al., 2004), is downregula-
tion ATGL-1 required for the extended life
span ofdaf-2 animals?Could this rationing
of fat stores be a way of achieving caloric114 Cell Metabolism 9, February 4, 2009 ª2restriction, which is known to extend life
span in many species?
The Narbonne and Roy report joins
several other studies that suggest a
potential heterogeneity of fat reservoirs
inC.elegans. As inmammals, fat oxidation
in C. elegans is mediated by multiple
enzymes that display similar expression
patterns. A recent study indicates that,
despite the large degree of redundancy,
only a specific subset of fat oxidation
genes are responsible for fat-reducing
effects of increased serotonin signaling
(Srinivasan et al., 2008). Another recent
C. elegans study identified an intestinally
expressed triglyceride lipase that, like
ATGL-1, promotes fat mobilization. How-
ever, unlike ATGL-1, whose increased
activity results in reduced survival of dauer
larvae, increased activity of this intestinal
lipase extends adult life span (Wang
et al., 2008). Thus, while lipase activation
in both cases functionally results in deple-
tion of triglyceride stores, it remains
unclear why different lipases are activated
under different conditions. The genetic
tractability of C. elegans makes it an
attractive model system for disentangling
the complex physiological processes
that underlie energy balance in intact
organisms.
This is not the first time that assumptions
held in the ‘‘mature’’ field of AMPK have
had to be modified. Activity of LKB kinase,
an upstream activator of AMPK, leads to
establishment of cell polarity inC. elegans,
Drosophila, and mammalian cell lines.
Considering that establishment and main-
tenanceofpolarity is anenergy-consuming009 Elsevier Inc.process while activation of AMPK by LKB
occurs under energy-depleted states, it
had been assumed that another target of
LKB might be responsible for regulation of
polarity. However, activation of AMPK
also promotes polarity (Hardie, 2007 and
references therein), suggesting that rather
than just a switch that controls energy
utilization, AMPK is a sophisticatedmaster
regulator of howenergy is utilized. Perhaps
the only certain thing is thatmore surprises
will emerge as metabolic pathways
continue to be examined.
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